Free gas bubbles in water with radii between 7 and 55 m subjected to a shock wave exhibit a liquid jetting phenomenon with the jet pointing in the direction of the propagating shock wave. With increasing bubble radius, the length of the jet tip increases and a lower estimate of the averaged jet velocity increases linearly from 20 to 150 m=s. At a later stage, the jet breaks up and releases micronsize bubbles. In the course of shock wave permeabilization and transfection of biological cells, this observation suggests a microinjection mechanism when the cells are near bubbles exposed to a shock wave.
Introduction.-This Letter focuses on the forced compression of a spherical gas bubble in the size range from 7 to 55 m in water by a shock wave. This research is stimulated by the question: Which physical mechanism might lead to a reparable opening of a cell membrane allowing the transfection of cells with large molecules which are normally blocked? For example, Delius and Adams [1] showed that shock waves from an extracorporeal lithotripter (ESWL) are able to transfer ribosomeinactivating proteins (gelonin and saporin) in vitro and in vivo into cells having no receptors for these proteins at the cell membrane.
As will be shown in this Letter, bubbles of the size of a few microns, even at moderate pressure amplitudes of 10 MPa, form a liquid jet in the direction of the propagating shock wave, which is in contrast to the findings of the numerical work of Ding and Gracewski [2] . There, shocks waves of 30 MPa did not cause jetting.
Generally, the liquid jets form when a pressure gradient is present during the shrinkage (collapse) of a bubble. Two widely investigated examples are the collapse of a cavitation bubble near a rigid boundary (see, e.g., [3] [4] [5] ), and the forced compression of gas bubbles by a passing shock wave [6 -8] .
When gas bubbles attached to foils are shocked, they exhibit jet speeds ranging from 400 to 790 m=s for bubble radii between 0.15 and 0.9 mm [9] . The jet formation and its penetration into viscoelastic materials has recently motivated numerous works investigating the collapse of gas bubbles attached to tissue and tissue-mimicking materials when being subjected to a shock wave.
Previous experimental studies of shock compressed bubbles in liquids differ from the one presented here: First, the size of the gas bubble is considerably smaller and, second, the bubbles are not attached to a rigid or semirigid surface but rise freely. Thus, the influence of the shock wave only on the jet formation is demonstrated.
Experimental apparatus and results.-The experimental setup, depicted in Fig. 1 , consists of the shock wave source, a bubble generator, the imaging and illumination devices, and digital delay lines. Shock waves are generated by a focused piezoelectric source; it is a slightly modified commercial extracorporeal lithotripter Piezolith 3000 (Richard Wolf GmbH, Knittlingen, Germany). The diameter of the shock wave source is 300 mm and the focusing angle 94 . The axis of the source is placed at an angle of 45 to the horizontal at the bottom of a stainless steel container with glass windows on all four sides. The container is filled with degassed water (3:3 mg=l O 2 concentration) at room temperature.
The pictures are taken with a sensitive slow scan CCD (charged coupled device) camera (Imager 3S with 1280 1024 pixels and 9 m pixel size, LaVision GmbH, Germany) equipped with a long distance microscope (K2, Infinity, U.S.A.). The microscope operates from a working distance of 45 mm giving a maximum resolution of 0:85 m per pixel; however, in some experiments, the resolution was decreased by a factor of 2 or 4 by binning of pixels to enhance the signal-to-noise ratio. The CCD camera is operated in a double-frame mode, which allows one to take two images in rapid succession before they are transferred to a computer. Both frames are strobe illuminated with a LED (light emitting diode) driven either by a homebuilt current amplifier for exposure times down to 1:6 s or by a high voltage pulser (Panametrics, U.S.A.) to obtain shorter flashes of 150 ns duration. The light of the LED is coupled into a plastic fiber and brought to the sealed and submerged illumination optics placed in the container. All devices are triggered from digital delay generators. Figure 2 displays a typical pressure recording taken with a calibrated PVDF (polyvinylidene fluoride) needle hydrophone (Dr. Pecha, University of Stuttgart) for a discharge voltage set to 5 kV. The wave consists of an overpressure cycle reaching an amplitude of 21 MPa and lasting approximately 1 s followed by a pressure drop to ÿ3 MPa. The limited bandwidth of the hydrophone prevents one from resolving the rise time of the shock front accurately, which has the consequence that some uncertainty exists for the peak amplitude of the shock.
The inset of Fig. 2 displays on a larger time scale the pressure waves emitted from cavitation bubbles generated at the tip of the hydrophone which collapse for the first time 210 s after the shock passage.
Swarms (1 to 10) of gas bubbles are generated approximately 3 mm below the focus of the shock wave generator with pulsed electrolysis. For an experimental run, the LED strobe is triggered twice, just before the shock enters the focal area, and as the shock passes through it. Figure 3 presents a typical frame sequence with an exposure time of 1:6 s (full width at half maximum) and 2:5 s interframe time. Here, it takes about 1:1 s for the shock to travel under an angle of 45 (see Fig. 1 ) to the horizontal from the bottom of the picture to the top towards the viewer. Clearly, all bubbles show a pronounced protrusion. In analyzing these images, we assume that the protrusion is in the direction of travel of the shock, i.e., at 45 to the plane of view.
A likely sketch of the dynamics leading to the protrusion is given in Fig. 4 (left) and resembles what is seen in a magnified and motion-blurred view in Fig. 4 (right): The bubble translates upward, shrinks, and a protrusion pointing upward is formed. The sketch in Fig. 4 depicts the three stages. First, the bubble is hit by the shock at its lower wall. Because of a strong mismatch in acoustic impedances between water and gas, the shock becomes partially reflected and the part of the bubble wall parallel to the shock front gains an initial velocity approximately twice the particle velocity [7, 11, 12] , which is here around 13 m=s. Second, the bubble is pushed forward due to the pressure radiation force F ÿ4=3Rt 3 rPt and the overpressure causes the bubble to shrink leading with the conservation of impulse to an accelerating translational motion [13] .
It is well known that translating and collapsing bubbles develop a jet in the direction of motion [13] . In this case, this effect is augmented by the velocity imparted by the shock wave, which varies along the bubble surface [12] . The jet flow becomes visible as a protrusion when it pushes the opposing bubble wall forming a gaseous layer around the liquid. Third, the protrusion becomes unstable and a tiny, presumably toroidal or liquid-filled, bubble remains at the jet tip, resembling the experiment of Ganan-Calvo and Gordillo et al. [14] .
From the photograph, Fig. 4 (right), it is not possible to judge whether the bubble is still collapsing or already reexpanding; however, as the Rayleigh collapse time [9] T C 0:9R 0 =P p , with the liquid density, is about 0:5 s, P 21 MPa, and R 0 73 m, and therefore short compared to the exposure time of 1:6 s, the bubble is probably reexpanding. The center of the bubble translates by approximately one bubble radius; thus, the bubble center itself gains a velocity of 60 m=s (again, note the perspective projection of 45 ). Because of the strong curvature of the gaseous protrusion, the illumination, and the limited resolution of the imaging system, the liquid jet itself is not visualized in the photographs.
At a shorter exposure time of 150 ns, the individual stages as sketched in Fig. 4 become clearer: Figure 5 depicts four bubbles rising upwards. The uppermost and largest bubble has formed the protrusion while, for the bubbles below, the gaseous layer visualizing the jet flow has already broken up, leaving two remains for each FIG. 2 . Pressure versus time recorded with a PVDF needletype hydrophone. Experimental observations are limited before and to the time the overpressure acts (shaded gray). Note, the rise time of the positive peak is strongly overestimated due to the limited bandwidth of the hydrophone. Presumably it is around 10 ns. bubble, one from the main body and one much smaller one from the jet. Also, note that each bubble center is displaced. Figure 6 shows measurements of the jet tip length [l tip in Fig. 4 (left) ], a lower bound of the jet velocity, and the bubble center displacement, x, for three low amplitudes between 11 and 21 MPa and at a higher amplitude of 100 MPa as a function of the initial bubble radius, R 0 . For each pressure amplitude, 30 -40 jetting bubbles were evaluated at largest magnification (0:85 m per pixel). The liquid velocity [v l jet =1:6 s, see Fig. 4 (left) ] was estimated from the fact that the liquid in contact with the bottom of the bubble has to travel into the tip of the jet during the exposure time of 1:6 s. Therefore, it is only a lower bound of the average flow velocity; the maximum velocity might be higher. All bubbles down to the smallest resolvable ones with a radius of R 0 7 m exhibit a jet. The jet velocity, the center displacement, and the tip length scale approximately linearly with the bubble radius. The scatter of the tip length for larger bubbles might be caused by the fact that the tip of the jet traveled out of the depth of view and was therefore underestimated within the relatively large data scatter. We find no FIG. 6. The jet tip length, the displacement of the center, and the averaged velocity of the liquid jet is plotted versus the initial bubble radius. The symbols correspond to four different pressure amplitudes; for 11 MPa, ᮀ for 14 MPa, ᭛ for 21 MPa, and * for 100 MPa, respectively. The solid lines depict the calculated center displacement for the three lowest pressure amplitudes. pronounced influence of the pressure amplitude on the data for the three lowest pressure amplitudes. One reason might be the small focal area of the shock wave generator having a full width at half maximum for the pressure amplitude of approximately 1.5 mm. This is about the width of the frame. However, for the 100 MPa case, the jet tip length and the liquid velocity increases by 50%.
The displacement x of the bubble due to the pressure rise is calculated with a simple model which only takes into account spherical bubble dynamics. The impinging pressure wave px; t is assumed to rise in a steplike fashion, px; t P=2 tanht ÿ x=c, with an amplitude P and a rise time of 1=. The radial response is calculated with the Gilmore model [9] , and the translational dynamics with a force balance model (for details, see [15, 16] ), leading to a system of four ordinary differential equations. The integration of the traveled distance is stopped at the time of minimum bubble volume. The rise time of the shock wave is assumed to be 10 ns, thus 10 8 s ÿ1 . This is a typical value measured with membrane-type hydrophones [15] . An order of magnitude agreement between the calculated center displacement (P 10, 15, and 20 MPa plotted as solid lines in Fig. 6 ) and the measured values is obtained. The overestimation of the model can obviously be explained: During aspherical collapse, the jet within the bubbles travels faster than the radially shrinking main bubble; thus, the available duration for the acceleration is shortened, resulting in a shorter displacement [17] .
Discussion and conclusions.-The results suggest that shock-collapsed bubbles might potentially act as microsyringes: Liquid around the bubble is accelerated into the tip of the jet, and if biological cells are in front the jet may inject liquid. The amount of liquid volume, V j , within the jet protrusion can be related to the initial bubble radius, R 0 , by assuming that the liquid jet has a cylindrical shape with cross sectional area R 2 j and length l tip . The measurements suggest an approximate linear scaling between the length of the jet tip and the radius of the bubble R 0 , l tip =R 0 3 [see Fig. 6 (top) ] which holds down to the smallest bubbles detectable. A similar scaling for bubbles between 0.1 and 1 mm has been found by Kodama and Tomita [18] . Direct optical measurements of the diameter of the jet are difficult because of the strongly curved gaseous layer covering the jet. Nevertheless, an estimate can be obtained from pits produced by the jet on a gelatine surface as obtained by Kodama and Takayama [10] . Assuming these pits are caused by the liquid flow only (the momentum of the gas is negligible), the ratio between the pit radius R j and the bubble radius is R j =R 0 0:1. From the two ratios, the amount of liquid within the jet, V j , is of the order of V j 0:1R
